Metamaterials are engineered composite materials consisting of subwavelength units (meta-atoms), which have rationally designed nanostructure, composition and mutual orientation[@b1][@b2]. Metamaterials have unique electromagnetic properties, which cannot be found in nature or traditional synthetic materials. Many unparalleled characteristics and breakthrough applications of metamaterials, such as negative index of refraction[@b3][@b4][@b5][@b6], sub-diffraction imaging[@b7][@b8][@b9][@b10], and invisibility cloaking[@b11][@b12], have been predicted theoretically and demonstrated experimentally. Metamaterials with hyperbolic dispersion, in which dielectric permittivity components in orthogonal directions have different signs[@b13][@b14][@b15][@b16], possess a broadband singularity in the density of photonic states and can propagate waves with nearly infinitely large wavevectors[@b17]. They have been shown to control a variety of quantum and classical phenomena, including but not limited to spontaneous emission[@b17][@b18][@b19][@b20][@b21][@b22][@b23] and scattering[@b24][@b25].

Inside the volume of a hyperbolic metamaterial, scattered or emitted light propagates in form of beams or cones of light[@b17]. Because of high emission directionality, combined with high spontaneous emission rate and large quantum yield, hyperbolic metamaterials were proposed to be used as efficient single photon sources in quantum optics applications[@b17]. At the same time, the angular distribution of emission in far field of hyperbolic metamaterials is much less researched.

Two morphologies most commonly used in the design of hyperbolic metamaterials are metal/dielectric (or semiconductor) lamellar structures[@b9][@b15][@b16] and arrays of parallel metallic nanowires[@b26][@b27][@b28]. In this Letter, the angular emission diagram of dye molecules in both types of hyperbolic metamaterials is studied both experimentally and theoretically.

Results
=======

Angular distribution of emission on top of lamellar metal-dielectric metamaterials
----------------------------------------------------------------------------------

In the first set of experiments, we have fabricated lamellar metal-dielectric metamaterials with hyperbolic dispersion and spin coated on them thin films of polymethyl methacrylate (PMMA) doped with rhodamine 6G (R6G) laser dye.We have pumped the samples with laser light and studied angular distribution of polarised spontaneous emission. Glass substrates and silver films coated with similar R6G:PMMA films were used as control samples. The details of sample preparation and angular emission measurements are described in Methods. The schematics of the experimental setup is shown in [Fig. 1a](#f1){ref-type="fig"}. The angular distribution of the dye emission on top of multilayer metamaterials (with Ag as outmost layer and MgF~2~ as outmost layer), silver film and glass slide are shown in [Fig. 2](#f2){ref-type="fig"}.

The results of the measurements can be summarized as follows:

\(i\) Angular dye emission diagrams in both hyperbolic metamaterials and silver are qualitatively similar to each other ([Fig. 2](#f2){ref-type="fig"}, panels a--c).

In these samples:

\(ii\) Horizontally polarized emission (p-polarization) has pronounced maximum close to the normal direction, θ = 0°. It steadily decreases as angles increase toward 90°.

\(iii\) Vertically polarized (s-polarized) emission has pronounced shoulders extending down to \~70°.

\(iv\) In our measurements, the same polarization of the pumping light corresponded to the same pumping intensity. Therefore, the emission intensities (in the polarization conserving and cross polarized channels), which were measured at the same pumping polarization, could be compared against each other. We have found that at vertically polarized pumping, the emission is stronger in the polarization conserving channel (vertically or s-polarized emission) than in the crossed polarized channel (horizontally or p-polarized emission). At the same time, at horizontally polarized pumping, the emission in the polarization conserving channel (p-polarization) was stronger than that in the cross-polarized channel (s-polarization) at θ\<40°±10°. The p-polarized emission intensity became smaller than the s-polarized emission intensity at larger detection angles.

\(v\) Angular distribution of dye emission on top of glass is significantly different from that on top of multilayered metamaterials and silver (compare panel d with panels a--c in [Fig. 2](#f2){ref-type="fig"}). It has relatively small signal at normal direction and pronounced maxima at θ = 55°± 10°, [Fig. 2d](#f2){ref-type="fig"}.

\(vi\) In the dye-doped polymeric film deposited on glass, at both vertically polarized pumping and horizontally polarized pumping, the emission in the polarization conserving channel was stronger than the one in the cross-polarized channel at θ≥40°. At smaller detection angles, both emission intensities were approximately the same, [Fig. 2d](#f2){ref-type="fig"}.

The latter suggests that the state of polarization and the intensity of polarized emission of dye molecules can be controlled by merely changing the polarization of the pumping beam. In fact, linearly polarized pumping preferentially excites a subset of dye molecules whose dipoles are oriented along the electric field vector, determining the angular distribution and the polarization distribution of spontaneous emission, which are no longer isotropic. The detailed study of this phenomenon is the subject of the future research.

Angular distribution of emission on top of nanowire based metamaterial
----------------------------------------------------------------------

In the following, we briefly outline the experimental results of Ref. [@b29], which will be compared to the theoretical predictions in Discussion. The arrays of aligned silicon nanowires have been fabricated and coated by atomic layer deposition (ALD) of silver[@b29]. The samples were shown to have hyperbolic dispersion in the most part of visible and near infrared spectrum[@b29]. The PMMA polymer doped with hexamethylindotrycarbocyanine iodide (HITC) laser dye was deposited on top of the metamaterial. Thermally deposited and ALD silver films coated with the same dye doped polymer were used as control samples. Sample fabrication and measurements of angular emission distribution are described in Methods and Ref. [@b29]. The schematics of the experiment is shown in [Fig. 1b](#f1){ref-type="fig"}.

The measurement results[@b29] are summarized in [Fig. 3](#f3){ref-type="fig"}. One can see that the angular emission distributions in the Si/Ag nanowire array and ALD silver film are very close to Lambertian, \~cos(θ). At the same time, the angular distribution of spontaneous emission of dye on top of a much smoother (\>5 nm roughness) thermally deposited Ag is noticeably broader[@b29]. To no surprise, it is reasonably close to that observed in R6G doped films deposited on silver, as discussed above, if the average is made over different polarizations of pumping and emission (compare circles and squares in [Fig. 4a](#f4){ref-type="fig"}).

Discussion
==========

Comparison of experimental and theoretical results
--------------------------------------------------

In our theoretical study, we have calculated the far-field radiation patterns for both multilayer and nanowire based metamaterial structures. The dyadic Green function formalism was used to model the emission of a dipole placed above the structure. The asymptotic far-field behavior (R·ω/c≫1) is obtained by using the method of stationary phase with the typical Green function expression above a planar system. The result for the far-field power is given by[@b30][@b31] where \< \> denotes dipole averaging over azimuthal angle *ϕ* due to the isotropic orientation of the dipoles parallel to the interface. To obtain the randomly-oriented dipole case, we also average over the inclination angle, so that the parallel and perpendicular dipole moments (*μ*~\|\|~, *μ*~⊥~) are replaced by . The far-field power coefficients represent the *p-*polarized and *s-*polarized contributions from the perpendicular and parallel dipole components, containing both incident and reflected wave contributions.

We have calculated the angular emission distribution diagrams using the effective medium theory for a dielectric (glass), metal, multilayer metamaterial and nanowire metamaterial substrates, [Fig. 4](#f4){ref-type="fig"}. In the effective medium approximation, at the laser wavelengths used in our experiments, the multilayer structure behaves like a hyperbolic metamaterial with Re{ε~⊥~}\> 0, Re{ε~\|\|~}\< 0, while the nanowire structure behaves like a hyperbolic metamaterial with Re{ε~⊥~}\<0, Re{ε~\|\|~}\>0.

In agreement with Ref. [@b32], our model predicts that (1) the dye on top of a lamellar metamaterial (Re{ε~⊥~}\> 0, Re{ε~\|\|~}\< 0) has nearly the same angular emission behavior as the dye on top of a metallic film, and (2) the angular distribution diagram of dye on top of a nanowire based metamaterial (Re{ε~⊥~}\<0, Re{ε~\|\|~}\>0) should be similar to that on top of a dielectric. The first theoretical prediction is in agreement with our experiment, and the calculated and experimental curves for metal and lamellar metamaterial have closely matching shapes, [Fig. 4a](#f4){ref-type="fig"}.

At the same time, the second prediction does not agree with the experiment so well. Although the experimental and the calculated angular emission diagrams for dye molecules on top of glass have the same characteristic shapes, the experimental and the theoretical curves for the nanowire based metamaterial are strongly different from each other ([Fig. 4b](#f4){ref-type="fig"}). This disagreement can probably be explained by the fact that Si nanowires have slightly different heights (±200 nm), making the sample\'s surface rough, which leads to the Lambertian (∝cosθ) angular distribution of emission intensity[@b33] ([Fig. 3](#f3){ref-type="fig"}). Surface roughness can probably also explain the Lambertian distribution of emission on top of ALD silver film[@b34], although the roughness of the ALD silver is smaller than that of the Si/Ag nanowire array.

To summarize, we have studied angular distribution of emission of dye molecules deposited on lamellar metal/dielectric (Re{ε~⊥~}\> 0, Re{ε~\|\|~}\< 0) and nanowire based (Re{ε~⊥~}\<0, Re{ε~\|\|~}\>0) metamaterials with hyperbolic dispersion. In good agreement with the theoretical prediction, the emission pattern of dye on top of lamellar metamaterial is similar to that on top of metal. At the same time, the effective medium model predicts the angular distribution of emission from a nanowire array to be similar to that from the dye film deposited on glass. This is not the case of our experiment. Although the calculated and the experimental emission patterns of dye molecules deposited on glass have qualitatively similar shapes, the model and the experiment strongly disagree in the case of the nanowire based array. We tentatively explain the nearly Lambertian (∝cosθ) angular distribution of emission intensity in the nanowire based sample by a substantial surface roughness. More theoretical and experimental studies of the emission\'s polarization state is the subject of the future work.

Methods
=======

Sample fabrication
------------------

### Lamellar metal-dielectric metamaterials

Lamellar hyperbolic metamaterials in our studies consisted of 25 nm layers of Ag and 35 nm layers of magnesium fluoride (MgF~2~), with either Ag or MgF~2~ as the outermost layer. Alternating Ag and MgF~2~ layers were deposited on glass substrate using thermal vapor deposition technique. The material with such parameters has hyperbolic dispersion (negative dielectric permittivity Re{ε~\|\|~} in the direction parallel to the metamaterial\'s surface and positive dielectric permittivity Re{ε~⊥~} in the direction perpendicular to the metamaterial\'s surface) in the spectral range of interest, *λ*\>360 nm[@b22].

Thin films of polymethyl methacrylate (PMMA) doped with rhodamine 6G (R6G) laser dye were spin coated on top of metamaterial substrates. The dye concentration in PMMA was equal to 10 g/l (0.033 M). Similar dye-doped PMMA films deposited on glass and on \~200 nm Ag films were used as control samples. At the wavelngth of R6G emission, \~575 nm, the values of effective dielectric permittivities of the metamaterial in the directions parallel \|\| and perpendicular ⊥ to the sample\'s surface were equal to Re{ε~\|\|~} = -4.6, Im{ε~\|\|~} = 0.16, Re{ε~⊥~} = 3.5, and Im{ε~⊥~} = 0.01[@b35].

Nanowire based metamaterial
---------------------------

The aligned silicon nanowire arrays (150 nm nanowire diameter, 250 nm center to center distance, \~30 μm length) were fabricated by using chemical etching and coated by atomic layer deposition (ALD) of Ag (with the thickness of 38 nm)[@b29]. The real values of effective dielectric permittivity in this material (at *λ* = 900 nm) are equal to Re{ε~\|\|~} = 2.4 and Re{ε~⊥~} = -12[@b29].

The PMMA polymer doped with HITC laser dye (in concentration 0.04 M) was deposited on top of the metamaterial, where it penetrated between the wires. Dye-doped PMMA films (\~80 nm) deposited onto ALD Ag film and thermally deposited Ag film were used as control samples. They had the same concentration of dye molecules per unit area as the metamaterial[@b29].

Angular emission measurements
-----------------------------

### R6G:PMMA on top of lamellar metamaterials and control samples

The angular emission measurements were performed at excitation of R6G dye molecules with the frequency-doubled Q-switched Nd:YAG laser (λ~pump~ = 532 nm, t~pulse~ ≈ 12 ns). The incident light was either horizontally polarized or vertically polarized. The angle of incidence was nearly normal to the sample\'s surface. The intensity of the vertically polarized (s-polarized) and horizontally polarized (p-polarized) emission in the spectral band centered at 570 nm was measured at a variety of angles ranging from 5° to ±85° (0° is normal to the sample surface and ±90° is parallel to the surface). A long-pass color filter located in front of the detector blocked laser light and transmitted dye emission only, [Fig. 1a](#f1){ref-type="fig"}. In the measurements, we used four different combinations of pumping and emission polarizations: horizontally polarized pumping and horizontally polarized emission (h-h), horizontally polarized pumping and vertically polarized emission (h-v), vertically polarized pumping and horizontally polarized emission (v-h), and vertically polarized pumping and vertically polarized emission (v-v).

### HITC:PMMA on top of nanowire based metamaterial and sontrol samples

Dye molecules were excited with \~5 nm pulses of the optical parametric oscillator (OPO) at λ = 750 nm and 45° incidence angle, [Fig. 1b](#f1){ref-type="fig"}. The (unpolarized) emission distribution diagrams were measured at a variety of angles in the spectral band centered at 815 nm[@b29].
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![Experimental setup.\
Angular measurement of dye emission intensity on top of (a) lamellar Ag/MgF~2~ metamaterial and (b) Si/Ag nanowire based metamaterial.](srep07327-f1){#f1}

![Angular distribution of emission of R6G dye molecules deposited on top of multilayered metamaterial with Ag as outmost layer (a), multilayered metamaterial with MgF~2~ as outmost layer (b), 200 nm Ag film (c), and glass (d).\
Notations "v-v", "v-h", etc. designate vertically or horizontally polarized pumping (first letter) and emission (second letter).](srep07327-f2){#f2}

![Angular distributions of unpolarized emission of HITC dye molecules on top of Si/Ag nanowire array (diamonds), ALD silver film (triangles) and silver film deposited via thermal vapor deposition (squares).\
Solid line: cos(θ). Adopted from Ref. [@b29].](srep07327-f3){#f3}

![(a) Theoretical modeling: Angular emission distribution calculated for randomly oriented emitting dipoles positioned 20 nm above a metal (ε = -5+0.01i) (trace 1) and effective medium metamaterial (ε~\|\|~ = -5+0.01i and ε~⊥~ = 5+0.01i) (trace 2). Experiment: Angular distribution of R6G emission on top of 200 nm Ag film (circles), multilayered metamaterial with Ag as outmost layer (diamonds), and metamaterial with MgF~2~ as outmost layer (triangles). Same for HITC emission on top of Ag film (squares). Circles, squares and triangles depict the data from [Figs. 2](#f2){ref-type="fig"} a--c averaged over different pumping and emission polarizations. Squares -- same as in [Fig. 3](#f3){ref-type="fig"}. (b) Theoretical modeling: Angular emission distribution for randomly oriented emitting dipoles positioned 20 nm above a glass (ε = 5+0.01i) (trace 1) and effective medium metamateial (ε~\|\|~ = 5+0.01i and ε~⊥~ = -5+0.01i) (trace 2). Experiment: Angular distribution of R6G emission on top of glass (triangles) and nanowire based metamaterial (diamonds). Triangles depict the data from [Fig. 2d](#f2){ref-type="fig"} averaged over different pumping and emission polarizations. Diamonds -- same as in [Fig. 3](#f3){ref-type="fig"}. All curves are normalized to unity at maximum.](srep07327-f4){#f4}
